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described , a second solution (1xHeeg) contained 10 times less 136 microelements (except for Fe 2+ ). Arabidopsis seeds were surface sterilized by soaking in 70 % 137 ethanol for 2 min and subsequently kept in 5 % calcium hypochlorite solution for 8 min. 138
Afterwards seeds were rinsed three times in autoclaved deionized water. The surface-139 sterilized seeds were sown out ton tip-cut 0.65% agar-filled tubes or on micro-centrifuge 140 tubes' lids (filled with solidified Heeg medium) that were placed into tip boxes with control 141 hydroponic solution (40 µM Fe 2+ ). After a few-days stratification at 4 °C, boxes with plants 142
were kept in controlled environment (16 h light at 22 °C/~7000 lux and 8 h dark at 20 °C). 143
Approximately three weeks later, plants were transferred either to a freshly made control 144 solution or to Fe-deficient (10 µM Fe 2+ ) or Fe-depleted (0 µM Fe 2+ ) solutions. In the first sets 145 of experiments hydroponic solutions were fully changed once per week, while in the second 146 sets of experiments boxes containing old nutrient solution were refilled by the addition of a 147 fresh medium. 148
149
In vitro cultures on plates. The surface-sterilized seeds were sown out on Petri dishes 150 containing different homemade Murashige and Skoog's (MS) medium: (1) half strength MS 151 medium (0.5 MS) with macro-elements in half strength and micro-elements/vitamins in full 152 strength and (2) one fourth strength MS medium (0.25 MS) with macro-elements in one 153 fourth strength and microelements/vitamins in half strength. Both type of media contained 1 154 % sucrose, 0.8 % agar supplemented with 4 mg/l glycine, 200 mg/l myo-inositol, 1 mg/l 155 thiamine hydrochloride, 0.5 mg/l pyridoxine hydrochloride and 0.5 mg/l nicotinic acid. For 156 stratification, plates were kept in the dark at 4 °C for 72 h and then placed under defined scoparon (Herboreal), 6-methoxycoumarin (Apin Chemicals), 7-methoxycoumarin 174 (Herboreal), scopoletin (Herboreal), scopolin (Aktin Chemicals Inc.), umbelliferon 175 (Extrasynthèse), skimmin (Aktin Chemicals Inc.) and 4-methylumbelliferon (Sigma). The 176
CoA thiol esters of the cinnamates (cinnamoyl CoA, caffeoyl CoA and 177 feruloyl CoA) were enzymatically synthetized as described by Vialart et al. (2012) . P-178 coumarate and coenzymeA (CoA) were purchased from Sigma-Aldrich. Kanamycin, 179 chloramphenicol and isopropyl-β-d-thio-galactopyrannoside (IPTG) were purchased from 180 Duchefa. 181 182
Construction of binary vector and Agrobacterium tumefaciens strains 183
The amplified S8H ORF (details of PCR in Table S4 ) was first cloned into the pCR8 plasmid 184 using the pCR®8/GW/TOPO® TA cloning kit (Invitrogen) using the 185 Gateway technology. The recombinant pBIN-GW-S8H vector was further introduced into the 186 LBA4404 A. tumefaciens strain and used together with the C5851 A. tumefaciens strain 187 containing pBIN61-P19 (Voinnet et al., 2003, provided 
Construction of pET28a+ expression vector and E. coli Rosetta 2 strain 192
The ORF of S8H was amplified by PCR and cloned between the BamHI and XhoI 195 sites of pET28a+. The recombinant plasmid was introduced into competent E. coli Rosetta 2 196 (Novagen) strain by heat shock. 197 198 ml LB (Sambrook, 2001) supplemented with 100 mg/L kanamycin and 33 mg/L 201 chloramphenicol. A 2 ml preculture was transferred to 1L of fresh LB containing kanamycin 202 100 mg/L and chloramphenicol 33 mg/L. Induction of the S8H expression was adapted from 203 the protocol developed by Oganesyan et al. (2007) . Transformed cells were cultured at 37 °C 204 until OD 600nm reached 0.6. A salt stress with 0.5 M NaCl and heat stress at 47 °C were applied 205 during 1 h in the presence of 2 mM betain. Then temperature was set at 20 °C for 1 h and 206 finally the expression of S8H was initiated by adding 1 mM of IPTG. Cells were harvested 207 after 14 h by a 20 min centrifugation at 4000 g at 4 °C and the pellet was resuspended in 4 ml 208 of potassium phosphate buffer pH 8.0 with 10 mM imidazol. The cell suspension was 209 sonicated (Bandelin SONOPLUS apparatus; for 20 sec x 5 with an interval of 50%, 60% 210 power) and subsequently centrifuged at 10000 g for 20 min at 4 °C. The purification of 211 soluble recombinant his-tagged proteins was done using the TALON Metal Affinity Resin 212 (TAKARA) as described by the supplier. The purified proteins were eluted with 0.1 M 213 potassium phosphate buffer, 200 mM imidazol solution (pH 8.0). 214
215

Enzymatic activities measurements 216
Enzymatic incubations were made immediately after the S8H purification. The protocol was 217 adapted from Kai et al. (2008) . The reaction was done in 200 µl volume at saturating 218 concentration of FeSO 4 (0.5 mM), α -cetoglutarate (5 mM), sodium ascorbate (5 mM) in 0.1 M 219 potassium phosphate buffer at optimal pH (7.0), 200 µM substrate and 2.6 µg of purified 220 enzyme. Reaction mixtures were incubated for 10 min at optimal temperature of 31.5 °C. 221
Enzymatic incubations with CoA esters were additionally incubated at the end of the reaction 222 with 20 µl of 5 M NaOH for 20 min at 37 °C to hydrolase the ester bond and subsequently 223 with 20 µl of acetic acid in order to close the lacton ring. Samples with acids and coumarins 224 as substrates were stopped by the addition of 2 µl of trifluoroacetic acid and incubation in 20 225 °C for 20 min. Reaction mixtures were then centrifuged for 30 min at 13000 rpm, the 226 resulting supernatant was recovered, filtrated (0.22 µm) and analysed by HPLC. 
UHPLC and LTQ LC/MS analysis 238
Sample analysis were performed on a Nexera UHPLC system (Shimadzu Corp., Kyoto, 239 Japan) coupled with LCMS 2020 mass spectrometer (Shimadzu). Chromatographic column 240 was a C18 reverse phase (Zorbax Eclipse Plus, Agilent technologies, Santa Clara, CA, USA) 241 150*2.1mm 1,8µm. Elution of the compounds was performed as described in Dugrand et al. 242 (2013) . To confirm the in vitro metabolisation of scopoletin into fraxetin, separation were 243 processed on a Ultimate 3000 chromatographic chain coupled with a LTQ-XL mass 244 spectrometer (Thermo Electron Corporation, Waltham, MA, USA) as described by Karamat 245 et al. (2012) . 246 247
Heterologous expression in N. benthamiana leaves 248
The protocol was adapted from Voinnet et al. (2003) . Several freshly spread colonies 249 (LBA4040 [pBIN-F6'H2], LBA4040 [pBIN-S8H)], C5851 [pBIN61-P10]) were inoculated to 250 40 ml LB medium containing the proper antibiotics and incubated at 28 °C for one night. The 251 cultures were centrifuged for 10 min at 4000 g and the pellet resuspended in 20 ml sterile 252 deionizated water. This step was repeated 3 times in order to remove all traces of antibiotics. 253 N. benthamiana leaves were infiltrated with recombinant strains in order to have an OD 600 of 254 0.4 for pBIN61-P19 bacteria and 0.2 for pBIN-S8H or pBIN-F6'H2 bacteria. The infiltrated 255 plants were stored in a growth chamber during 96 h. In parallel, for each experiment, N. 256 benthamiana were infiltrated with LBA4404 [pBIN-GFP] as a positive control. Expression of 257 GFP was checked under a binocular microscope. 258
259
Extraction of polyphenols from N. benthamiana leaves 260
Freshly harvested infiltrated N. benthamiana leaves were crushed in liquid nitrogen and 100 261 mg mixed to 800 µl 80 % methanol. This solution was vigorously mixed during 30 sec prior a 262 30 min centrifugation at 10000 g. The supernatant was transferred to a fresh tube and the 263 pellet submitted to a second extraction with 800 µl 80 % methanol. Both supernatants were 264 pooled and vacuum dried. The pellet was resuspended in 100 µl MeOH/H2O 80/20 v/v and 265 analyzed by UHPLC. 266 267
Preparation of methanol extracts from Arabidopsis roots 268
Arabidopsis roots were frozen in liquid nitrogen and grinded with pestle and mortar. 50 mg of 269 plant tissue were mixed in 500 µl of 80 % methanol supplemented with 2.5 µM 4-270 methylumbelliferon as an internal standard. Samples were sonicated for 10 min and 271 centrifuged for 10 min at 10 000 g. Supernatants were transferred to fresh tubes, vacuum 
Chlorophyll measurement 287
Chlorophyll extraction with acetone was done by the method given by Porra et al. (1989) . The 288 absorbances of the diluted supernatants were taken at 750.0, 663.6 and 646.6 nm. After 289 measurement a special formula was used to convert absorbance measurements to mg of Chl 290 (Porra et al., 1989) . 291 292
Statistical analysis 293
All treatments included at least three biological replicates. Data processing and statistical 294 
Phylogenetic analysis of genes encoding Fe(II)-and 2OG-dependent dioxygenases from 305
Arabidopsis genome 306
More than 100 genes encoding enzymes sharing sequence homologies with dioxygenases 307 were identified in the genome of Arabidopsis (Kawai et al., 2014) . Almost half of them 308 display characteristic amino acid sequence motifs involved in binding cofactors such as Fe 2+ 309 and 2OG (His-X-Asp-X-His and Arg-X-Ser, respectively; Wilmouth et al., 2002) . We 310 performed phylogenetic analysis based on the nucleic sequences of putative genes encoding 311 dioxygenases collected from TAIR. This analysis pointed out that two genes involved in 312 scopoletin biosynthesis (At3g13610 and At1g55290, encoding F6'H1 and F6'H2 313 respectively) were clustered together and identified the At3g12900 gene of unknown function 314 to share the highest homology with both scopoletin synthases ( Figure 1 ). 315
316
The amino acid sequences of three enzymes were compared to a leucoanthocyanidin 317 dioxygenase (named anthocyanidin synthase -ANS) encoded by At4g22880 which catalyses 318 the conversion of leucoanthocyanidins into anthocyanidins (Heller and Forkmann, 1986) and 319 has the highest sequence identity to F6'H1 among enzymes of known crystallographic 320 structure (Wilmouth et al., 2002) . The Fe 2+ binding site (His 235, His 293, Asp 237 in F6'H1) 321 and the 2OG binding site (Arg 303 and Ser 305 in F6'H1) are highly conserved in all proteins 322 ( Figure S3 ). In contrast, the amino acid residues responsible for the substrates binding differ 323 among the enzymes which is consistent with the activities already described for three of them: 324 feruloyl-CoA ester for F6'H1 and F6'H2 (Kai et al., 2008) and leucoanthocyanidin for ANS 325 (Wilmouth et al., 2002) . These alignments highlight a different sequence for At3g12900 326 which suggest another substrate specificity. 327 328
Determination of in vitro substrate specificity and kinetic parameters of enzymatic reaction 330 catalysed by the At3g12900 oxidoreductase 331
In order to determine the substrate specificity, the At3g12900 6XHis-tagged protein was 332 expressed in Escherichia coli. An improved protocol was used for the purification of 333 heterologously expressed S8H enzyme to obtain the purified protein fraction ( Figure S4 ). The 334 purified enzyme was incubated in the presence of dioxygenase cofactors at saturating 335 concentrations and 19 various potential substrates belonging to (1) cinnamoyl derivative CoA 336 esters; (2) cinnamic derivative acids; (3) and coumarins (Table S5 ). Only scopoletin was 337 converted into a product (Figure 2A ) which has been unambiguously identified as fraxetin due 338 to its UV absorption spectrum, its molecular mass ( Figure 2ABC ) and its MS fragmentation 339 spectrum in comparison to a fraxetin commercial standard ( Figure 2DE ). The At3g12900 can 340 therefore be considered as a scopoletin 8-hydroxylase (S8H) (Figure 3 ) catalysing the 341 hydroxylation at the position C8 of scopoletin. The optimal reaction conditions were 342 determined to be at pH 8.0±0.1 at 31.5±0.4 °C ( Figure 4AB ) and the optimal incubation time 343 was set at 10 minutes ( Figure S5A ). These experimental conditions led us to determine the 344 kinetic characteristics of the enzyme as being K m 11±2 µM, V max 1.73±0.09 pmol/sec/pmol of 345 S8H ( Figure S6 ). We also demonstrated that the enzyme efficiency is the best in presence of 346 50 µM Fe 2+ ( Figure S5B ) and that higher concentrations significantly reduced the enzyme 347 activity leading to a decreased fraxetin synthesis. 348 349
In vivo activity of scopoletin 8-hydroxylase in Nicotiana benthamiana 350
In order to confirm its function in plant cells, we transiently expressed the S8H enzyme in N. 351 benthamiana leaves. Our analysis showed that the presence of this enzyme did not increase 352 the production of fraxetin in comparison to a control infiltration performed with bacteria 353 transformed with an empty vector ( Figure 5 ). However, when we conducted a double 354 infiltration leading to the overexpression of S8H and F6'H in tobacco leaves, we detected a 355 significantly higher level of fraxetin in comparison to leaves transiently expressing S8H alone 356 (p = 0.01) or leaves infiltrated with control (the empty vector, p = 0.07) ( Figure 5 ). This result 357 is consistent with an increase of the scopoletin pool that occurs due to the F6'H activity, 358 which can be further transformed into fraxetin and confirms that At3g12900 functions as a 359 scopoletin 8-hydroxylase. 360 361 362
Characterization of independent s8h mutant alleles grown in Fe-depleted hydroponics 363
To get insight into the physiological role of S8H, we identified two independent mutant lines 364 with non-functional S8H dioxygenase (s8h-1 and s8h-2) and investigated their behaviour in 365 various types of culture. Since the literature data reported that fraxetin accumulation is 366 induced under Fe deficiency, firstly we investigated their behaviour in controlled Fe-depleted 367 hydroponic solution. Plants were grown in a control hydroponic solution (40 µM Fe 2+ ) for 368 three weeks and subsequently were transferred to Fe-depleted solution (0 µM Fe 2+ ) and 369 cultured for additional three weeks. In Fe-depleted solutions both mutant lines were clearly 370 paler than Col-0 control plants ( Figure 6A ). The mutant phenotype was linked with lower 371 chlorophyll a+b content and chlorophyll a/b ratio ( Figure 6B ). The targeted metabolite 372 profiling of methanolic extracts from the plant roots grown in hydroponic systems showed a 373 highly significant increase in scopolin (P < 0.01) and scopoletin (P < 0.01) concentration in 374 roots grown in Fe-depleted conditions for both mutant lines and a significant increase of 375 umbelliferon accumulation in s8h-1 compared with Col-0 plants ( Figure 6C ). 376 377
Biochemical and ionomic characterization of plants cultivated in liquid cultures with 378 various Fe content 379
Since coumarins are mostly stored in roots, all tested genotypes were cultivated in vitro in 380 liquid cultures in order to obtain enough roots for trace elements analysis and equal amounts 381 of media for root exudates extraction and metabolic profiling. After three weeks of growth, no 382 visible phenotypic differences among WT and mutant plants could be highlighted: all 383 genotypes grown in Fe-deficient medium (10 µM Fe 2+ ) were paler and plants grown in Fe-384 depleted solution (0 µM Fe 2+ ) were chlorotic ( Figure S7 ). Interestingly, chlorophyll content 385 was slightly higher in both mutant lines in all media tested, while chlorophyll a/b ratio was 386 significantly higher in Col-0 plants in control media and slightly higher in Fe-deficient and 387
Fe-depleted media ( Figure S8 ). However, the targeted metabolite profiling of root extracts 388 and root exudates showed that under Fe-depleted conditions both mutant lines accumulated 389 lower levels of various coumarins (scopoletin, scopolin, umbelliferone, skimmin) ( Figure  390 7A), but secreted significantly higher amounts of scopolin in comparison to WT plants 391 ( Figure 7B ). 392
393
The trace element analysis of plants grown in liquid cultures media with various Fe levels 394 indicated that the Fe content of both mutant lines (s8h-1 and s8h-2) grown in Fe-depleted 13 medium (0 µM Fe 2+ ) were significantly lower (P < 0.05) in comparison to the corresponding 396 control (Col-0) ( Figure 8 ). Interestingly, the concentration of a range of other microelements 397 heavy metals (Mn, Zn, Cu, Co, Cd) was also significantly modified in the s8h mutants 398 compared to control plants (P < 0.05) grown in Fe-depleted medium (Figure 8) . 399
In the light of recent results concerning regulatory pathways between phosphate (Pi) and Fe 400 deficiency-induced coumarin secretion (Ziegler et al., 2016) and our soil experiment results in 401 which Col-0 and s8h-1 phenotypes were depending on the P to Fe ratio ( Figure S9 , Table S6 ), 402 another interesting observation from the trace elements analysis is the clearly lower levels of 403 P content in both mutants (significantly lower in s8h-1 line, P < 0.05) in comparison to Col-0 404 plants under Fe-depleted (0 µM Fe 2+ ) conditions ( Figure S10A ). 405 406 Plants grown in Fe-deficient (10 µM Fe 2+ ) and Fe-optimal (50 µM Fe 2+ ) media did not show 407 clear changes in trace elements content ( Figure S10ABC ). The only clear exception was 408 significantly higher Mo content in s8h mutants grown in Fe-deficient medium ( Figure S10C ). 409 410
Phenotyping of s8h mutants grown on MS plates and in hydroponic solutions with various 411 concentrations of Fe and other microelements 412
The impact of trace elements on Arabidopsis growth has been deeper investigated by 413 cultivating the s8h mutants and control plants on plates and hydroponic cultures characterized 414 by different Fe concentrations and other microelements content. 415
416
To be able to observe the growth of both rosettes and roots, the MS plates were placed in a 417 vertical and horizontal position. Interestingly, the growth of all genotypes was better on 0.25 418 MS medium than on the corresponding plates with 0.5 MS, irrespective of the concentration 419 of Fe ions ( Figure S11 ). These differences were particularly striking after three weeks of 420 cultivation. When grown on 0.25 MS Fe-deficient (10 µM Fe 2+ ) medium, the s8h mutants 421 showed a strong reduction in fresh weight ( Figure S12A ), were becoming much paler and had 422 shorter and less lateral roots when compared to Col-0 plants ( Figure 9A ). On 0.5 MS Fe-423 deficient medium both genotypes display a significant reduction in shoots and roots growth, 424 but s8h mutants showed a smaller rosettes size than Col-0 plants ( Figure 9B ). Under both Fe-425 depleted conditions (0 µM Fe 2+ ), mutant lines and Col-0 plants showed significantly smaller 426 and chlorotic shoots while roots were greatly shorter ( Figure 9AB ). However, the wild type not the case on 0.5 MS medium with optimal Fe content ( Figure 9AB) . 430
431
Observation of plants grown on Fe-deficient plates (10 µM Fe 2+ ) under UV light showed that 432 both s8h mutant lines secreted to media an increased level of fluorescent compound (Figure  433 S13A), which might be related to significantly higher amounts of scopoletin detected in s8h 434
Fe-deficient liquid culture solution ( Figure 7B) . This difference of fluorescence could not be 435 observed in control conditions (50 µM Fe 2+ ), in which mutant plants seemed to accumulate 436 slightly more fluorescent compounds in roots compared to WT plants ( Figure S13B ). 437 438 Similar phenotypic variation in plant responses to various Fe content depending on other 439 micronutrients concentration we observed in hydroponic cultures, during which two types of 440 modified Heeg media were used (Table S3 for details). This way, we made evidence that both 441 s8h mutants when grown in Fe-depleted (0 µM Fe 2+ ) solution with 10 times less 442 microelements, were clearly paler than Col-0 plants ( Figure S14C ). This phenotype was 443 associated with lower amounts of chlorophylls. Interestingly, both mutant lines under Fe-444 deficient (10 µM Fe 2+ ) conditions were much larger when compared to WT plants with 445 greatly increased fresh weight ( Figure S14B) . Surprisingly, when grown with optimal Fe (40 446 µM Fe 2+ ) but lower amounts of other micronutrients, all genotypes were significantly smaller 447 but did not show any chlorosis symptoms or changes in chlorophyll content ( Figure S14A ). 448
449
In contrast, when plants were cultivated in 10xHeeg solution characterised by a higher 450 amount of micronutrients, there were no visible differences among s8h mutants and WT 451 plants when grown in presence of different Fe level ( Figure S15 ). Under optimal and Fe-452 deficient conditions, all plants display a WT-like phenotype with normal pigmentation, but in 453 solution without Fe all plants were smaller and chlorotic. It should be highlighted that in the 454 above described hydroponic experiments, both types of solutions (1xHeeg and 10xHeeg) were 455 fully changed once per week. 456
457
Since the recent literature data provide support for a crucial role of root-secreted coumarins in 458 the acquisition of Fe (Tsai and Schmidt, 2017) , we decided to repeat the above hydroponic 459 cultures but without changing nutrient solution once per week. Instead, boxes were refilled by 460 the addition of a fresh medium to keep the similar volume of solution in each culture and not to get rid of the potentially secreted coumarins. When grown in solution with lower 462 micronutrients content (1xHeeg), under Fe-depleted conditions (0 µM Fe 2+ ) both s8h mutants 463 were becoming chlorotic ( Figure S16C ) as previously observed ( Figure S14C ). But the 464 growth of all genotypes was not clearly affected in optimal solution and under Fe-deficiency 465 (40 and 10 µM Fe 2+ , respectively) ( Figure S16AB ), which could be due to a higher coumarin 466 accumulation in solutions that were not fully changed. Similarly to previously conducted 467 hydroponic experiments, all plants grown in 10xHeeg solution under Fe-deficient and optimal 468 conditions did not show any sign of chlorosis or growth retardation ( Figure S17AB ). But 469 surprisingly, under Fe-depleted conditions all genotypes were only slightly smaller when 470 compared to optimal conditions and had normally pigmented leaves with no changes in 471 chlorophyll content ( Figure S17C ). Only, shoots of mutant lines seemed to be slightly 472 brighter. 473
474
Discussion 475
In the Arabidopsis genome there are more than 100 genes encoding enzymes sharing 476 homologies with dioxygenases. The 2OGD is the second largest enzyme family in plants 477 whose members are involved in various oxygenation/hydroxylation reactions (Kawai et al., 478 2014) , including biosynthesis of coumarins that are important compounds contributing to the 479 adaptation of plants to biotic and abiotic stresses (Kai et al., 2008; Vialart et al., 2012; 480 Matsumoto et al., 2012; Rodriguez-Celma et al., 2013a) . Among the most common stress 481 factors leading to plant growth disorders and chlorosis are micronutrients deficiency or excess 482 that can result in various physiological disorders (Marschner, 2012) . Maintaining the nutrient 483 homeostasis in cells is crucial for the proper functioning of plants and the mechanisms 484 governing minerals uptake and transport must be strictly controlled. 485 486 Plants use different strategies to compensate Fe limitation. Recently, it was shown that one of 487 the Arabidopsis Fe(II)-and 2OG-dependent dioxygenase, the scopoletin synthase F6'H1 (Kai 488 et al., 2008) , is required for the biosynthesis of the Fe(III)-chelating coumarin esculetin that is 489 released into the rhizosphere as part of the Fe uptake by Strategy I plants (Schmid et al., 490 2014) . 491 492 Here, we have conducted the analysis of a strongly Fe-responsive gene At3g12900 of dependent dioxygenase family, to possibly reveal its contribution to Fe homeostasis in plants. 495
The At3g12900 gene was selected based on its high homology to earlier described F6'H1 496 dioxygenase which was proven to play a crucial role in Fe acquisition under alkaline soil 497 conditions (Schmid et al., 2014) , and the literature data on plant responses to Fe deficiency at 498 the transcriptome and proteome level (Lan et al., 2011; Rodriguez-Celma et al., 2013b; 499 Fourcroy et al., 2014; Schmidt et al., 2014) . Similarly to F6'H1, the protein encoded by 500
At3g12900 accumulates several folds in Fe-deficient roots in comparison to Fe-sufficient ones 501 (Lan et al., 2011) . By analysing large microarray datasets both genes (At3g12900 and 502
At3g13610 encoding F6'H1) were found to be positively correlated with genes actively 503 involved in Fe deficiency response (Vigani et al., 2013) such as IRT1, FRO2, CYP82C4 504 (Murgia et al., 2011) , Ferroportin/Iron-Regulated (IREG2) ) and 505 encoding metal tolerance protein (MTP3; Arrivault et al., 2006) . Moreover, according to the 506 expression data present at TAIR the At3g12900 is expressed specifically in roots. The root 507 tissue is the site of coumarin accumulation induced in response to various environmental 508 stresses including Fe limitation (Schmid et al., 2014) . 509
510
We determined the substrate specificity of enzyme encoded by At3g12900 to test its possible 511 involvement in coumarin biosynthesis as an important part of the Fe uptake strategy in 512
Arabidopsis. An in vitro enzymatic activity assay revealed that this enzyme is involved in the 513 conversion of scopoletin into fraxetin via hydroxylation at the C8-position and was named 514 S8H. The Michaelis constant (K m = 11 µM) determined in our in vitro experiments was in the 515 average similar to those reported for the biosynthetic enzymes of specialized metabolism (Kai 516 et al., 2008; Vialart et al., 2012) . These results taken together suggest that the hydroxylation 517 of scopoletin (and as an effect the synthesis of fraxetin) is the main activity of the S8H 518 enzyme. The experiments performed with in vitro-produced enzymes also made evidence that 519 the S8H activity was dependent on the concentration of Fe 2+ . 520 521 Transient expression of the protein in N. benthamiana plants and a subsequent metabolic 522 analysis done on the infiltrated leaves further confirmed the results of in vitro assay. A 523 simultaneous transformation of S8H and F6'H2 heterologous genes in tobacco leaves resulted 524 in a significantly higher accumulation of fraxetin; this concentration was intermediate when 525
F6'H2 alone was expressed and much lower when empty vector or S8H alone were expressed. 526
The latter one could be explained by the fact that tobacco plants do not synthesize scopoletin 527 in a constitutive way but synthetize fraxetin. An overproduction of F6'H2 therefore induce the 528 synthesis of scopoletin from feruloyl-CoA, which is naturally present in tobacco leaves (Kai 529 et al., 2008) , and provide this way the substrate for the reaction catalysed by S8H resulting in 530 significantly higher content of fraxetin. 531
532
To better understand the link between Fe-homeostasis in plants and the biosynthesis of 533 fraxetin, and consequently to show that the in vitro enzyme activity of S8H is relevant in vivo, 534 we performed a detailed phenotypic characterization of Col-0 plants and two independent s8h 535 mutant lines grown under different Fe regimes using various types of culture. Plants were 536 grown in hydroponic solution, soil mixes, in vitro liquid cultures and on MS plates with 537 various Fe and other micronutrients availability. Our results clearly showed that the s8h plants 538
carrying mutated S8H alleles are strongly affected by Fe-deficient conditions. Targeted 539 metabolite profiling of s8h mutants demonstrated that coumarin profiles are significantly 540 modified in mutant roots grown in Fe-depleted conditions. We detected higher amounts of 541 scopoletin in exudates from s8h mutant roots grown in liquid cultures. It was associated with 542 lower levels of various coumarins and lower Fe content in mutants roots as compared to the 543 wild-type plants. The s8h rosettes grown in 1xHeeg Fe-depleted hydroponic solutions were 544 clearly paler than Col-0 plants. It was associated with striking changes in metabolite profiles 545 of coumarins in mutant roots. In comparison to Col-0 plants, under this condition we detected 546 a significantly higher accumulation of scopoletin and scopolin in s8h roots that can suggest 547 the inhibition of scopoletin-hydroxylation-dependent synthesis of fraxetin in mutant tissues. 548
Most likely, in vitro culturing conditions in a small volume of liquid solution favor increased 549 secretion of exudates and therefore we observed lower levels of various coumarins in s8h 550 roots grown in liquid cultures linked with a significantly higher scopoletin content in mutant 551 roots exudates. The phenotypic differences between genotypes were also apparent on MS 552 plates containing Fe-deficient medium, on which the s8h mutants showed chlorosis, 553 significant growth retardation and secreted an increased level of fluorescent compounds 554 compared to WT plants. 555 556 Taking into account the results of soil experiments in which plants were cultured in soil 557 mixtures with various chemical composition, it will be also interesting to test the growth and 558 metabolic profiles of roots and root exudes of s8h mutants grown in hydroponic solutions 559 with various P availability. The fact that s8h-1 mutants were larger in soil mix characterized 560 by a relatively low level of P and high level of Fe, is particularly interesting in the light of 561 recent reports on the common and antagonistic regulatory pathways between phosphate (Pi) 562
and Fe deficiency-induced coumarin secretion (Ziegler et al., 2016) . 563 564 Another interesting aspect for further investigation is linked to the ICP-MS results indicating 565 that additionally to Fe a range of other heavy metals (Mn, Zn, Cu, Co, Cd) were significantly 566 decreased in the s8h mutants, and to the phenotypic variation we observed in hydroponic 567 cultures and on MS plates depending on both Fe and other micronutrient contents. The latter 568 one could be expected due to the well-known phenomenon of interdependence of individual 569 micronutrients from each other ) and the fact that various heavy metals 570 interfere with Fe-deficiency responses (Leskova et al. 2017) . Nevertheless, we proved that to 571 get a broad overview of plant responses to nutrient deficiencies and to better understand the 572 physiological role of involved genes/enzymes one need to consider using various types of 573 cultures, solution and media in experimental procedure. 574 575 Among numerous targeted metabolite profiling experiments conducted, we clearly and 576 repetitively obtained results showing significantly changed coumarin profiles in both s8h 577 mutant lines. We observed a significantly higher content of scopoletin in the root tissue in 578 hydroponic experiments and in the root exudates in liquid cultures. Scopoletin is a substrate 579 for the reaction catalysed by S8H. The lack of scopoletin 8-hydroxylase in the s8h mutant 580 background could lead to higher levels of scopoletin and its corresponding glycoside scopolin. 581
582
At the moment, we have no explanation for the fact that only small amounts of fraxetin were 583 detected in some of the Col-0 samples under Fe-deficiency conditions (data not shown). It 584 should also be mentioned that unexpectedly in one experimental replicate we detected 585 relatively high amounts of fraxin and a low level of fraxetin in s8h-1 mutant background, as 586 well as low amounts of fraxin in some other Col-0 and s8h replicates. It cannot be excluded 587 that the above described queries could be explained by the presence of another enzyme 588 involved in fraxetin biosynthesis or alternative metabolic pathway being induced in s8h 589 mutant background. The synthetized fraxetin in Col-0 plants could also be further 590 demethylated to 6,7,8-trihydroxycoumarin with beneficial effect for plants under Fe-591 deficiency or alternatively fraxetin could be directly involved in increasing Fe availability. exogenous application of esculetin, esculin and scopoletin. In parallel, the result of in vitro 596 assay showed that only esculetin was able to chelate and mobilize Fe 3+ (Schmid et al., 2014) . 597
This suggests that compounds bearing an ortho-catechol moiety, such as esculetin and 598 fraxetin, may be involved in coumarin secretion for Fe acquisition. The beneficial effect of 599 exogenous application of scopoletin on the reversion of f6'h1 chlorotic phenotype 600 demonstrated by Schmid et al. (2014) , could be due to the activity of S8H enzyme catalyzing 601 hydroxylation of scopoletin leading to fraxetin formation. Whatever mechanisms underlies 602 such plant responses, given the results of in vitro enzyme activity and significant changes in 603 metabolite profiles of coumarin metabolism in s8h mutants grown in Fe-depleted condition, it 604 seems evident that the At3g12900 oxidoreductase is scopoletin 8-hydroxylase involved in 605 fraxetin biosynthesis. 606
607
The presented results indicate that At3g12900 is an important candidate for playing essential 608 role in Fe acquisition by plants. Fraxetin together with other root-released phenolic 609 compounds, mainly esculetin deriving from scopoletin and scopolin, have been suggested to 610 be Fe chelators or Fe uptake facilitators in Arabidopsis (Schmid et al., 2014; Fourcroy et al., 611 2014; Schmidt et al., 2014; Brumbarova et al., 2015) and that esculetin and fraxetin or 612 10xHeeg Table S1 . Genotyping of s8h mutant lines. 660 Table S2 . A lack of S8H transcript in the s8h mutant backgrounds. 661 Table S3 . Modified Heeg solutions used in hydroponic cultures. 662 Table S4 . PCR amplification of the S8H ORF. 663 Table S5 . Compounds used in the analysis of in vitro substrate specificity of S8H enzyme. 664 Table S6 . Chemical analysis of soil mixes originated from different batches used in two 665 experimental replicates. 666 Nucleic sequences downloaded from TAIR (http://arabidopsis.org/) were selected based on the presence of sequences coding for Fe (His-X-Asp-X-His) and 2OG (Arg-X-Ser) binding motifs (Wilmouth et al. 2002) . 
